1. Introduction {#sec1}
===============

Nonunion and delayed union remain a major complication of bone fractures, which is a great burden to both patients and healthcare systems \[[@bib1]\]. Osteogenic differentiation is a complex physiological process and modulated by various factors \[[@bib2],[@bib3]\]. Osteoblasts play an important role in maintaining the balance of bone metabolism, in which fracture healing is highly dependent on the activity of osteoblasts proliferation and differentiation. Thus, the detection and evaluation of the degree of osteogenic differentiation is quite important in orthopedic and related diseases. During osteogenic differentiation, collagen-enriched extracellular matrix (ECM) is formed \[[@bib4]\], and calcium ions (Ca^2+^) and inorganic phosphate accumulate to form hydroxyapatite crystals \[[@bib5], [@bib6], [@bib7]\]. Matrix mineralization in cell cultures is the most important indicator of osteogenic differentiation. Many biochemical analysis methods such as immunostaining, quantitative real-time polymerase chain reaction (RT-qPCR) and protein blotting assays have been developed to observe the degree of osteogenic differentiation in clinic and scientific research \[[@bib8], [@bib9], [@bib10], [@bib11]\]. Among these strategies, the quantification of mineralization based on Alizarin Red S staining is the most common method \[[@bib5],[@bib12]\]. However, monitoring the dynamics of osteogenic differentiation is not easy to realize because cell fixation and other multiple staining steps are required in the majority of strategies \[[@bib13]\]. Most importantly, the detection method does not discern the osteogenic differentiation ability of the cell itself. Given to the high sensitivity and easy operation, fluorescent probes have also been developed for the detection of biomarker, such as MMP13 and ALP, to detect the osteogenic differentiation \[[@bib14], [@bib15], [@bib16]\]. Nevertheless, the evaluation of the degree of osteogenic differentiation is not easy to realize based on these strategies. Thus, it is urgent for non-invasive strategies to detect osteogenic differentiation with high sensitivity for dynamic monitoring and early diagnosis.

Methods based on fluorescence detection have been developed because of its high sensitivity and excellent repeatability. However, conventional fluorescent probes are highly emissive in solutions but their emission mostly decreased or is totally quenched in the aggregate and solid states, that is, they undergo aggregation-caused quenching (ACQ) effect, which will reduce the sensitivity since the aggregation is a spontaneous process in physiological environments \[[@bib17],[@bib18]\]. Thus, the ACQ effect has limited their wide applications in related fields, especially in the early sensing applications. Exactly opposite to the ACQ effect, fluorescent materials with aggregation-induced emission (AIE) features, which can positively utilize the natural aggregation process, display stronger emission in the aggregate and solid states than that in the solution state, facilitating the development of fluorescent probes with high sensitivity and selectivity in real applications \[[@bib19]\]. Moreover, AIE probes generally possess large Stokes shift and excellent photostability, making them desirable for sensing and visualization applications. Indeed, they have been widely used in bioimaging and sensing areas \[[@bib20], [@bib21], [@bib22], [@bib23], [@bib24], [@bib25], [@bib26]\].

Herein, to overcome the limitations of typical methods and enable live analyses, we developed a new type of fluorescent probe, *i.e.* an AIE-active tetraphenylthene (TPE) and benzothiadiazole containing conjugated polymer with ethylenediaminetetraacetic acid moiety (PTB-EDTA) as its side-chains, for selective discrimination of osteoblasts and *in-situ* monitoring the osteogenic differentiation process ([Fig. 1](#fig1){ref-type="fig"}A). Previously reported AIE-active polymer with similar structure shows great selectivity towards microbes over mammalian cells for bacterial eradication \[[@bib27]\]. This polymer not only possesses excellent solubility and biocompatibility but also shows high affinity towards Ca^2+^ by chelation interaction via EDTA groups. Given that the increasing demand of Ca^2+^ during osteogenic differentiation \[[@bib28],[@bib29]\], PTB-EDTA could across the cell membrane through endocytosis by effective Ca^2+^ chelation, resulting in selective enrichment in osteoblasts, which could not be realized by its monomer (MTB-EDTA) ([Fig. S5](#appsec1){ref-type="sec"}). Notably, the detection of osteogenic differentiation based on PTB-EDTA is more sensitive than that of Alizarin Red S staining. Moreover, PTB-EDTA has a negligible effect on the osteogenic process compared to traditional methods. Thus, this novel PTB-EDTA polymer has great significance for the rapid and real-time identification of the degree of osteogenic differentiation.Fig. 1(A) The chemical structures and cartoon illustration of the high lysosomal accumulation of PTB-EDTA followed by the cellular internalization. (B) Fluorescence emission spectra of PTB-EDTA in H~2~O-THF solution of different proportions, and the (C) fluorescence intensity ratio curve of PTB-EDTA in H~2~O-THF solution of different proportions, λ~ex~ = 429 nm. (D) The particle size distribution of PTB-EDTA in water. PTB-EDTA = 10^−5^ M. (E) The enthalpy of the system varies with the molar ratio between CaCl~2~ and PTB-EDTA.Fig. 1

2. Material and methods {#sec2}
=======================

2.1. Equipment {#sec2.1}
--------------

^1^H and ^13^C NMR spectra were measured on a Bruker AV 500 spectrometer in appropriated deuterated solution at room temperature. UV--vis absorption spectra were measured on a Shimadzu UV-2600 spectrophotometer. Photoluminescence spectra were recorded on a Horiba Fluoromax-4 spectrofluorometer. Solution fluorescence quantum yields were measured using a Hamamatsu absolute PL quantum yield spectrometer C11347 Quantaurus-QY. Zeta potential measurements were conducted on dynamic light scattering (Malvern ZSE, UK). Isothermal titration calorimetry (ITC) was conducted on Malvern MicroCal ITC. Cells were observed under confocal laser-scanning microscope (CLSM) (LSM710, Zeiss, Germany).

2.2. Synthesis of compounds and polymer {#sec2.2}
---------------------------------------

4,4\'-(2,2-bis(4-(4-bromobutoxy)phenyl)ethene-1,1-diyl)bis(bromobenzene) (3): Compound **2** (7.5 g, 35 mmol) and K~2~CO~3~ (4.8 g, 35 mmol) were added to a 100 mL two-necked flask, dissolved in 40 mL of acetone. Compound **1** (3.65 g, 7 mmol) dissolving in 20 mL of acetone was gradually added, and the reaction mixture was heated to reflux for 12 h under N~2~. After cooling to room temperature, acetone was distilled off under reduced pressure. 20 mL of deionized water and dichloromethane were added to dissolve the solid, then the mixture was extracted for three times with 20 mL of dichloromethane. The combined organic phase was washed for three times with deionized water. Drying over MgSO~4~, the solvent was removed, and the residue was purified by silica-gel column chromatography using hexane/dichloromethane (2:1) as eluent. White solid of Compound **3** was obtained in 70% yield ([Scheme S1A](#appsec1){ref-type="sec"}). ^1^H NMR (500 MHz, CDCl~3~): δ 7.22 (d, J = 10 Hz, 4H), δ 6.87 (m, 8H), δ 6.63 (d, J = 10 Hz, 4H), δ 3.94 (t, J = 5 Hz, 4H), δ 3.48 (t, J = 10 Hz, 4H), δ 2.06 (m, 4H), δ 1.91 (m, 4H);^13^C NMR (125 MHz, CDCl~3~): δ 157.69, 142.75, 141.42, 136.57, 135.62, 132.97, 132.50, 130.99, 120.27, 113.70, 66.64, 33.46, 29.45, 27.87.

Tetraethyl 2,2′,2″,2‴-(((((2,2-bis(4-bromophenyl)ethene-1,1-diyl)bis(4,1-phenylene))bis(oxy))bis(butane-4,1-diyl))bis(azanetriyl))tetraacetate (5): Compound **3** (792 mg, 1 mmol) and NaHCO~3~ (700 mg, 4 mmol) were added to a 50 mL two-necked flask with the addition of 20 mL DMF, and Compound **4** (1.89 g, 10 mmol) was gradually added. The reaction mixture was heated to 60 °C for 12 h under N~2~. After cooling to room temperature, 20 mL of deionized water and Ethyl acetate (EA) were added, then the mixture was extracted for three times with 20 mL of EA. The combined organic phase was washed for three times with deionized water. Drying over MgSO~4~, the solvent was removed, and the residue was purified by silica-gel column chromatography using hexane/Ethyl acetate (2:1) as eluent. Yellow sticky of Compound **5** was obtained in 47% yield ([Scheme S1A](#appsec1){ref-type="sec"}). ^1^H NMR (500 MHz, CDCl~3~): δ 7.22 (d, J = 5 Hz, 4H), δ 6.86 (t, J = 10 Hz, 8H), δ 6.62 (d, J = 10 Hz, 4H), δ 4.16 (t, J = 10 Hz, 8H), δ 3.90 (d, J = 5 Hz, 4H), δ 3.55 (m, 8H), δ 2.77 (t, J = 10 Hz, 4H), δ 1.78 (t, J = 5 Hz, 4H), δ 1.64 (t, J = 5 Hz, 4H), δ 1.26 (t, J = 5 Hz, 12H);^13^C NMR (125 MHz, CDCl~3~):171.34, 157.81,150.51, 133.24, 132.76, 131.85, 130.95, 128.53, 127.63, 113.69, 67.74, 60.47, 56.45, 55.01, 53.97, 45.47, 27.59, 26.88, 24.53, 14.26.

Polymer **8**: Compound **6** (100.8 mg, 0.1 mmol), Compound **7** (38.8 mg, 0.1 mmol) and Pd(PPh~3~)~4~ (10 mg, 0.0086 mmol), K~2~CO~3~ (276 mg, 2 mmol) were added to a round-bottomed flask. A mixture of toluene (1 mL) and H~2~O (1 mL) was added to the flask, and the reaction mixture was heated to 80 °C for 24 h under N~2~. After cooling to room temperature, 10 mL of deionized water and EA were added, then the mixture was extracted for three times with 10 mL of EA. The combined organic phase was washed for three times with deionized water. The polymer was filtered by cotton and precipitated in hexane, and then dried under vacuum for 24 h to afford the neutral Polymers **8** as an orange solid in 71% yield ([Scheme S1A](#appsec1){ref-type="sec"}).^1^H NMR (500 MHz, CDCl~3~): δ 7.74--7.82 (m, 4H), δ 7.24--7.27 (m, 4H), δ 7.14 (d, J = 10Hz, 1H), δ 6.92--7.04 (m, 5H), δ 6.65 (t, J = 10 Hz, 4H), δ 4.13--4,17 (m, 8H), δ 3.90 (t, J = 5 Hz, 4H), δ 3.52--3.55 (m, 4H), δ 2.74--2.77 (m, 4H), δ 1.63--1.77 (m, 8H), 1.22--1.28 (m, 12H).

PTB-EDTA: Polymer **8** (50 mg, 0.05 mmol), NaOH (1.2 g, 30 mmol) was added to a round-bottomed flask, then a mixture of THF (1 mL) and H~2~O (1 mL) was added. The mixture was stirred at room temperature for 12 h, after the addition of the dilute hydrochloric acid to adjust the pH to weakly alkaline, the crude reaction mixture were purified by dialysis (molecular weight cutoff = 3600), then freeze-dried under vacuum to obtain PTB-EDTA as an orange solid in 76% yield.

2.3. Isothermal titration microcalorimetry (ITC) {#sec2.3}
------------------------------------------------

Calorimetric measurements were performed at 25.00 ± 0.01 °C on a Malvern MicroCal ITC microcalorimetric system. The cell was initially loaded with 0.3 mL 2 × 10^−4^ M PTB-EDTA, and then 2.5 × 10^−3^ M CaCl~2~ solution was injected into the stirred sample cell in portions of 4 μL until the desired concentration range had been covered. The observed enthalpy values (*ΔH*~*obs*~) were obtained from the areas of the calorimetric peaks after titrations. The reference cell was filled with 300 μL buffer solutions.

2.4. Cell culture and differentiation {#sec2.4}
-------------------------------------

MC3T3-E1 subclone 14 cells, CNE2 cells, HCC827 cells, and HLF cells were purchased from Cell Bank of the Chinese Academy of Sciences (Shanghai, China). The cells were incubated with a-MEM with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin solution (Gibco, Grand Island, NY) at 37 °C with 5% CO~2~. The medium for osteogenic differentiation was a-MEM with 10% FBS supplemented with 10 mM β-glycerophosphate salt hydrate (G9422-10G, SIGMA, USA) and 50 mg/mL ascorbic acid (A800295, Macklin, China). MC3T3-E1 cells were seeded at a density of 1 × 10^5^ cells/mL in confocal dish. Every 2 days the medium was replaced. To study the relationship of Ca^2+^ in the uptake of PTB-EDTA, cells after 14 days of osteogenic differentiation were washed with Ca^2+^ free MEM medium (11380037, Gibco, USA) for three times and incubated with the medium supplemented with PTB-EDTA for 6 h, sequentially. The control group were incubated with normal MEM medium (12492013, Gibco, USA) supplemented with PTB-EDTA for 6 h.

2.5. Evaluation of cytotoxicity {#sec2.5}
-------------------------------

MC3T3-E1 cells were seeded in 96-well plates at a density of 1 × 10^4^ cells/mL. After 24 h of culture, cells were treated with PTB-EDTA at the concentrations of 1, 10, 20, and 40 μM for 3 days. Then 20 μL of MTT (5 mg/mL) was added into each well, and incubated for 4 h. After removing the medium by aspiration, 100 μL of dimethyl sulfoxide (DMSO) was added to dissolve the formazan crystals for 10 min. The absorbance at 570 nm was measured by microplate reader (Synergy HTX, USA), and the survival rate of the cells was calculated by the proportion of absorbance value of each group. Normalize the absolute MTT values by scaling to the mean of cultures which have not been treated with PTB-EDTA.

2.6. Alizarin Red S staining and quantitative analysis {#sec2.6}
------------------------------------------------------

For Alizarin Red S staining, MC3T3-E1 cells were seeded in 6-well plates at a density of 1 × 10^5^ cells/well and cultured in *a*-MEM. 3 days later, the medium was replaced with osteogenic medium. Alizarin Red S staining was performed at days 7, 14, and 21 after osteogenic differentiation. Cells were fixed in 4% paraformaldehyde for 15 min and washed twice with deionized water. 1 mL of Alizarin Red S solution (DS0101, LEAGENE, China) was added to each well for 30 min, and washed with deionized water before imaging. For quantitative analysis of calcium, 1 mL of 1% cetylpyridinium chloride (C129534, aladdin, China) was added into each well. After the mineralized nodules dissolved, 200 μL solution was taken out of each well and transferred to a 96-well plate. The absorbance value (OD value) was detected by microplate reader at the wavelength of 590 nm.

2.7. RT-qPCR assay {#sec2.7}
------------------

Total RNA was extracted from cells with TRIzol reagent (Life Technologies, Grand Island, NY, USA) according to the manufacturer\'s instructions. The purity and concentration of total RNA were determined with NanoVue Plus spectrophotometer. cDNA was synthesized with the PrimeScript™ RT Master Mix (Takara, Japan). RT-qPCR reactions were performed with TB Green™ Premix Ex Taq™ (Takara, Japan) according to the manufacturer\'s instructions. Beta-actin mRNA was used as the internal control for normalization and the 2^−ΔΔCt^ method were used to calculate the fold change. The primers purchased from Sangon Biotech Co., Ltd are provided in [Table S2](#appsec1){ref-type="sec"}.

2.8. Endocytosis inhibitors and lysosomal imaging {#sec2.8}
-------------------------------------------------

In the energy-dependent endocytosis analysis, the cell was thermoregulated at 4 °C, under which condition energy-dependent endocytosis is inhibited. For the analysis of the endocytosis pathways by pharmacological inhibitors, cells were pre-treated with 5 μg/mL Chlorpromazine (Sigma) for 30 min or 100 μM Dynasore (Sigma) for 1 h. In the control group, the culture medium containing 0.1% DMSO was pretreated for 1 h. All cells were washed three times before incubated with medium containing 10 μM of PTB-EDTA for 6 h. Cell lysosomal imaging was assessed by employing Lysotracker Red DND-99 (L7528, Invitrogen) according to the manufacturer\'s instructions.

2.9. Statistical analyses {#sec2.9}
-------------------------

Data are presented as mean $\pm$ SD. Statistical analyses of data were performed using SPSS 20.0 (SPSS, Chicago, IL, USA). All data are representative of at least three independent experiments. Differences between groups were analysed by unpaired *t*-test or One-way analysis of variance. P \< 0.05 was considered statistically significant.

2.10. Dynamic light scattering measurements {#sec2.10}
-------------------------------------------

PTB-EDTA was dissolved in H~2~O with the final concentration of 10 μM. 1 mL of solution was used for the observation of diameter distribution and zeta potential on dynamic light scattering (DLS).

3. Results and discussion {#sec3}
=========================

3.1. Photophysical properties of PTB-EDTA {#sec3.1}
-----------------------------------------

PTB-EDTA was prepared according to the synthetic route shown in [Scheme S1A](#appsec1){ref-type="sec"}. The structures of the monomers and polymer were fully characterized by ^1^H and ^13^C NMR spectroscopy and satisfactory data were obtained ([Figs. S1 and S2](#appsec1){ref-type="sec"}). And the molecular weight was measured to be 6800 with the PDI value of 1.26. After confirming the structure of the polymer, we studied its photophysical properties. As shown in [Table S1](#appsec1){ref-type="sec"}, PTB-EDTA shows maximal absorption and emission at 429 and 594 nm, respectively. The Stokes shift is as large as 165 nm, which is desirable for bioimaging and sensing applications. PTB-EDTA exhibits weak fluorescence intensity in water because of its excellent solubility, and the intramolecular motion will relax the energy of the excited state. By adding the poor solvent of tetrahydrofuran (THF) to the aqueous solution, the fluorescence of PTB-EDTA is clearly enhanced at high THF fraction ([Fig. 1](#fig1){ref-type="fig"}B and C), which is readily attributed to the restriction of intramolecular motion upon the formation of aggregates \[[@bib30]\], and the fluorescence quantum yield of the aggregate state is subsequently increased 3.4 times compare to the solution state ([Table S1](#appsec1){ref-type="sec"}), indicating its AIE activity.

Moreover, we used dynamic light scattering (DLS) to study the distribution of PTB-EDTA in deionized water. As shown in [Fig. 1](#fig1){ref-type="fig"}D, the particle size of PTB-EDTA mainly ranges at 60--200 nm with an average diameter 103 nm, indicating that the formation of nanoaggregate is induced by the rigidity and hydrophobicity of the π-conjugated backbones. Furthermore, the surface potential of PTB-EDTA was measured as −27 mV ([Fig. S3](#appsec1){ref-type="sec"}), which indicated that the nanoparticles had a negatively charged surface in the aggregate state.

To investigate the ability of PTB-EDTA to bind with Ca^2+^, an isothermal titration calorimetry (ITC) experiment was carried out by titrating CaCl~2~ (2.5 × 10^−3^ M) solution into PTB-EDTA (2 × 10^−4^ M) solution. [Fig. 1](#fig1){ref-type="fig"}E shows the raw data plot of the heat change versus time for the titration process. A large amount of heat (4.5 μcal/s) is released at the beginning of the experiment, demonstrating that the binding of PTB-EDTA to Ca^2+^ is quite efficient. With the addition of CaCl~2~ into the solution, the exotherm gradually decreases because PTB-EDTA is saturated by Ca^2+^ coordination. The binding constant of the reaction is obtained with K~b~ value of 7 × 10^5^ M^−1^. Moreover, the small enthalpy change (*ΔH*~obs~ = −9.25 kcal/mol) and the Gibbs change (*ΔG* = −7.98 kcal/mol) indicate that the interaction between PTB-EDTA and calcium ions is driven by electrostatic and chelation interaction. Additionally, the binding ratio is approximately one, which indicates that each Ca^2+^ can bind with two PTB-EDTA molecules. These results indicate the efficient chelation of PTB-EDTA with Ca^2+^. Moreover, after the chelation with Ca^2+^, the diameter distribution of PTB-EDTA in water was enlarged ([Fig. S4A](#appsec1){ref-type="sec"}), which further demonstrated the successful binding of PTB-EDTA towards Ca^2+^. The absorbance and emission spectra were also observed after the addition of different concentration of Ca^2+^. As shown in [Fig. S4B](#appsec1){ref-type="sec"}, after the addition of Ca^2+^, there is negligible change in absorbance spectra, indicating there is no variation of structure conformation of PTB-EDTA. While, obvious enhancement in emission is detected after the incubation with Ca^2+^ ([Fig. S4C](#appsec1){ref-type="sec"}), which may be attributed to the formation of aggregate with the restriction of the intramolecular motion to realize the AIE process.

3.2. Cytotoxicity of PTB-EDTA and its effect on osteogenesis {#sec3.2}
------------------------------------------------------------

In order to investigate the biosafety, we studied the cytotoxicity of PTB-EDTA, and the MC3T3-E1 mouse osteoblast precursor cell line was selected as a representative, because it is a well-characterized model for bone formation and can differentiate into mineralizing bone cells under specific physicochemical stimulation \[[@bib31],[@bib32]\]. Compared with the blank group, the concentrations of PTB-EDTA ranging from 1 to 40 μM had no effect on the proliferation of MC3T3-E1 cells ([Fig. 2](#fig2){ref-type="fig"}A). In addition, in order to evaluate the impact on osteogenic differentiation, we further examined various osteogenic marker mRNAs by RT-qPCR. The results showed that PTB-EDTA neither increased the expression of osteogenic biomarkers in normal medium, nor decreased the expression of osteogenic biomarkers in osteogenic medium ([Fig. 2](#fig2){ref-type="fig"}B--E). Alizarin Red S staining was utilized to evaluate the effect of PTB-EDTA on the formation of mineralized nodules ([Fig. 2](#fig2){ref-type="fig"}F). Quantitative analysis of mineralized nodules by cetylpyridinium chloride showed that PTB-EDTA won\'t affect the formation of mineralized nodules, even those were co-cultured for 21 days ([Fig. 2](#fig2){ref-type="fig"}G). These results indicate the great biosafe of PTB-EDTA.Fig. 2The effect of PTB-EDTA on the process of osteogenic differentiation. (A) Cell viability was assessed using the MTT assay, M3T3-E1 cells were cultured with different concentrations of PTB-EDTA for 3 days. (P = 0.18). (B--E) MC3T3-E1 cells were incubated with PTB-EDTA for 14 days in osteogenic medium or normal medium. PTB-EDTA has no effect on the expression of COL1A1, ALP, BSP, and OC mRNA. (P \> 0.05). (F) Representative photos of Alizarin Red S staining in M3T3-E1 cells incubated for 21 days in osteogenic medium with or without PTB-EDTA. (G) Quantitative analysis of mineralized nodules by cetylpyridinium chloride (P = 0.93). COL1A1 indicates collagen type 1 alpha 1; ALP, alkaline phosphatase; BSP, bone sialoprotein; OC, osteocalcin; OM, osteogenic medium; PA, PTB-EDTA. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)Fig. 2

3.3. Specificity of cellular imaging and the ability of PTB-EDTA to detect osteogenic differentiation {#sec3.3}
-----------------------------------------------------------------------------------------------------

In order to explore the selectivity of PTB-EDTA towards osteogenically differentiated cells, we first investigated the imaging ability of PTB-EDTA with different cell lines, including undifferentiated MC3T3-E1 cells. Herein, human nasopharyngeal carcinoma (CNE2) cells, human lung adenocarcinoma (HCC827) cells, human lung fibroblast (HLF) cells and MC3T3-E1 cells were selected as the representatives, which were subjected to incubate with PTB-EDTA under the same conditions. As shown in [Fig. 3](#fig3){ref-type="fig"}, only strong fluorescence is detected in differentiated MC3T3-E1 cells, and no obvious fluorescence of PTB-EDTA is found in other cell lines (CNE2, HCC827 and HLF), even the MC3T3-E1 cells without differentiation. Therefore, PTB-EDTA shows high selectivity towards differentiated osteoblasts, making it a high promise to monitor the differentiation process. We proposed that the increasing demand of Ca^2+^ during osteogenic differentiation process played the critical role for the high selectivity \[[@bib28],[@bib29]\].Fig. 3The specific imaging of PTB-EDTA in osteogenic differentiation cells. Fluorescence and merged images of PTB-EDTA in differentiated MC3T3-E1 cells (A, B), MC3T3-E1 cells (C, D), CNE2 cells (E, F), HCC827 cells (G, H), and HLF cells (I, J) after incubation of 12 h. Scale bars = 20 μm. PTB-EDTA = 10 μM.Fig. 3

The speed and efficacy of cells differentiating into mature osteoblasts and their lifespan determines the rate of bone formation \[[@bib33]\]. The use of *in vitro* live cell assays allows real-time monitoring and assessment of cell status, allowing real-time longitudinal assessment of cell responses, which is important in bone research, because *in vitro* studies involve 3 weeks of cell culture to allow for ECM maturation and mineralization. Thus, after verifying its selectivity, we validated the quantification of osteogenic differentiation using PTB-EDTA, fluorescence readouts of this polymer were monitored and compared to the method of Alizarin Red S staining. [Fig. 4](#fig4){ref-type="fig"}A shows representative images of Alizarin Red S staining at each time point, and the number of mineralized nodules increased with the elongation of osteogenic differentiation time ([Fig. 4](#fig4){ref-type="fig"}B). Meanwhile, as shown in [Fig. 4](#fig4){ref-type="fig"}C and D, the intracellular fluorescence intensity of PTB-EDTA increased with slight background fluorescence as the matrix became more mineralized. Whereas, no obviouse fluorescence was detected in the undifferentiated cells ([Fig. 4](#fig4){ref-type="fig"}E and F), demonstrating its high selectivity. In addition, fluorescence detection based on PTB-EDTA is more sensitive to osteogenic differentiation than that of Alizarin Red S staining, in which the fluorescence of PTB-EDTA was detectable from the 7th day of differentiation, while mineralized nodules were only apparent from the 14th day with Alizarin Red S staining. Thus, the monitoring of PTB-EDTA fluorescence in osteoblasts can provide a convenient method for detecting the osteogenic differentiation.Fig. 4The fluorescence intensity of PTB-EDTA gradually increased with the osteogenic differentiation. (A) Representative photos of Alizarin Red S staining at indicated differentiation time. Scale bars = 100 μm. (B) Number of mineralized nodules at indicated differentiation time. (C) The fluorescence and merged images of cells incubated with PTB-EDTA for 12 h at indicated differentiation time. (D) Quantification of PTB-EDTA fluorescence intensity at indicated differentiation time. (E) The fluorescence and merged images of CNE2 cells incubated with PTB-EDTA for different times. (F) Quantification of PTB-EDTA fluorescence intensity inside CNE2 cells. Scale bars = 50 μm. PTB-EDTA = 10 μM. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)Fig. 4

Herein, no cell fixation was needed for strategy based on PTB-EDTA compared to Alizarin Red S staining. Thus, the real-time monitoring of differentiation during different stages could be acquired with high selectivity and sensitivity by using PTB-EDTA. In order to observe the advantage of PTB-EDTA compared to low-mass molecules, we further observed the imaging ability of MTB-EDTA (the chemical structure is illustrated in [Scheme S1B](#appsec1){ref-type="sec"}) towards osteogenically differentiated MC3T3-E1 cells. The results revealed that no obvious fluorescence was detected in MC3T3-E1 cells ([Fig. S5](#appsec1){ref-type="sec"}), demonstrating that the MTB-EDTA cannot aggregate in cells. These results indicate that PTB-EDTA can be used as a fluorescent probe to detect and monitor osteogenic differentiation *in vitro*.

3.4. Imaging mechanism investigation {#sec3.4}
------------------------------------

To determine the mechanism of PTB-EDTA for selective imaging towards osteogenically differentiated cells, we investigated its uptake pathway. We observed the imaging ability of PTB-EDTA towards osteogenically differentiated cells under low temperature. Results showed that when the cells were treated under 4 °C, no obvious intracellular fluorescence of PTB-EDTA was found compared with the control group ([Fig. 5](#fig5){ref-type="fig"}A and B), indicating that the internalization of PTB-EDTA into cells is energy-dependent. Subsequently, endocytosis inhibitors were used to confirm the endocytic pathway. We found that the fluorescence intensity of intracellular PTB-EDTA dramatically decreased after the treatment of chlorpromazine and dynasore ([Fig. 5](#fig5){ref-type="fig"}C and D), which reveals that the uptake of PTB-EDTA is mediated by clathrin-mediated endocytosis.Fig. 5PTB-EDTA enters the cell lysosome via the endocytic pathway. MC3T3-E1 cells were induced to osteogenic differentiation for 14 days. (A) CLSM images of cells incubated with PTB-EDTA for 6 h in control group; (B) Fluorescence intensity of cells which were incubated with PTB-EDTA at 4 °C for 6 h. (C) CLSM images of cells which were pretreated with chlorpromazine for 30 min, and incubated with PTB-EDTA for 6 h. (D) CLSM images of cells which were pretreated with dynasore for 1 h, and incubated with PTB-EDTA for 6 h. (E) Lysosomal fluorescence distribution in cells. (F) PTB-EDTA fluorescence distribution in cells. (G) The merged images of Lysotracker and PTB-EDTA. (H) Colocalization analysis of Lysotracker and PTB-EDTA. λ~ex~ = 454 nm for PTB-EDTA, λ~ex~ = 543 nm for Lysotracker. Scale bars = 50 μm. Lysotracker = 100 nM. PTB -- EDTA = 20 μM.Fig. 5

Next, we explored the localization of PTB-EDTA inside cells. Lysotracker Red DND-99 is a red fluorescent dye that is widely used to label and trace lysosomes in living cells \[[@bib34]\]. MC3T3-E1 cells underwented osteogenic differentiation for 14 days were incubated with PTB-EDTA and Lysotracker sequentially. It was found that the PTB-EDTA showed perfect colocalization with Lysotracker with a Pearson\'s coefficient of 0.92 ([Fig. 5](#fig5){ref-type="fig"}E--H). We concluded that PTB-EDTA can across the cell membrane via the endocytic pathway and enriched in the lysosomes.

To further explore the mechanism of PTB-EDTA entering osteoblasts, the differented cells (14 days) were incubated in the presence and absence of Ca^2+^ in MEM medium. Results showed that no obvious fluorescence was observed in cells incubated in MEM medium without Ca^2+^ ([Fig. S6](#appsec1){ref-type="sec"}). Thus, we proposed that during the osteogenic differentiation process, the Ca^2+^ is highly demanded by osteogenic differentiation cells, making the Ca^2+^-chelated PTB-EDTA could across the cell membrane via endocytosis to localize in lysosome.

Although endocytosis is ubiquitous in many cells, we found no obvious red fluorescence in the other cell types, which is probably related to receptor-mediated endocytosis \[[@bib35]\] or increased need for Ca^2+^. During osteogenic differentiation induced by numerous factors, the commonality to all processes is that they are all capable of increasing intracellular calcium \[[@bib28]\], and it has been recognized that endocytosis can import Ca^2+^ \[[@bib36],[@bib37]\]. Therefore, we propose that PTB-EDTA chelated with Ca^2+^ may across the cell membrane through endocytosis in the process of osteogenic differentiation, resulting in the gradual accumulation of PTB-EDTA in lysosomes, thus, the fluorescence could be observed. Therefore, the differentiation degree of osteoblasts can be determined by the degree of the internalization of PTB-EDTA, which can be determined by measuring the intracellular fluorescence intensity.

4. Conclusions {#sec4}
==============

In this study, we designed and prepared a novel conjugated polymer with AIE activity for selective monitoring the osteogenic differentiation degree of osteoblasts for the first time. This polymer has good biosafety and shows no effect on the osteogenetic differentiation. Moreover, this polymer can be used to detect the occurrence of osteogenic differentiation earlier than that of Alizarin Red S staining. During the imaging process, the operation is quite simple as the cell fixing and washing are not required, which is quite different from the previously reported fluorescent probes. In summary, this polymer hold great promissing be used for the confirmation of osteoblast differentiation ability and the study of osteoblast differentiation-related drug screening.
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